Many methods, to estimate the ionospheric effects on SAR images and interferograms, have been proposed and studied in the past years. However, depending on the conditions of the ionosphere, different methods can or should be applied. The effects that an aurora event has on SAR images and interferograms possibly have some differences with respect to the effects generated by a more normal ionospheric state. This work shows one of these differences, which is supposed to be a change in the ionosphere vertical profile, and propose and demonstrates a method to deal with it. This method improves the integrated-azimuth-shifts method, and permits to obtain a better estimate of the ionospheric phase screen.
INTRODUCTION
The ionosphere is the portion of the Earth's upper atmosphere where ions and electrons are present with sufficient density to significantly affect the propagation of radio waves. Charged particles are created by the incoming solar radiation that ionizes atmospheric gases. Their concentration in the ionosphere varies with the altitude but has normally a peak between 300 and 400 km. The three-dimensional structure of the ionosphere is often approximated by an idealized thin layer, positioned at the barycenter of the electron density vertical profile. The magnitude of ionospheric effects depends on the slant total electron content (TEC), which is the total number of electrons integrated between the satellite and the target, along a tube of one square meter cross-section. The TEC can be related to the path delay and consequently to the phase observed in the interferogram
where K = 40.28, f 0 is the carrier frequency and c the light speed in vacuum. The aurora borealis is caused by interactions between the solar wind and the Earth's atmosphere. Charged particles, carried by the solar wind and accelerated by the interconnections between the magnetic field of the Earth and that of the Sun, are conducted downward toward the magnetic poles where they collide with the atmosphere, ionizing oxygen and nitrogen atoms. These ions emits radiation at various wavelengths, creating the characteristic colors of the aurora. In this complex ionospheric situation, the thin layer approximation with a fixed height proves itself to be not accurate enough to explain all effects seen in SAR images.
A solar wind stream hit the Earth on 31 March 2006 causing visible auroras all around the north polar region for almost three days. L-band ALOS PALSAR images were acquired above Alaska during April 1st and May 17th [1] . The ionospheric phase contribution can be estimated using the Faraday rotation technique [2] showing that the first image captured the aurora while the second image is ionosphere-free. By compensating the ionospheric phase screen, using the estimate from the Faraday rotation method, it can be shown that no visible tropospheric phase is present in the interferogram. Supposing therefore no other main contribution other than the ionosphere, the ionosphere derivative along the azimuth direction ( Figure 2 (b)) can be calculated by taking the derivative of the interferometric phase (Figure 2(a) ).
AZIMUTH SHIFTS AND IONOSPHERE SPATIAL VARIATIONS
Variations of the ionosphere along the satellite flight path induce azimuth shifts in SAR images. A difference in these variations between different acquisitions becomes a differential shift between images and can be recovered by a precise coregistration. The relationship between the ionospheric phase derivative φ i (η) along the flight path
and the azimuth shift δ az , is:
where θ is the incidence angle, K = 40.28, f 0 is the carrier frequency, H i the height of the ionosphere single layer and η the azimuth spatial coordinate. Due to the azimuth length of the resolution cell at the height of the ionosphere (about 3 km), only a low-pass version of the real ionosphere actually contribute to modify the interferometric phase and the azimuth shifts. The integrated azimuth shifts method [3] estimates the ionospheric TEC by integrating the azimuth shifts and using Equation 3 to scale the result:
One drawback of this method is that the errors of the crosscorrelation (coherent or incoherent), which is used to estimate the shifts, are also integrated. This may result in an increasing error in azimuth, which is a ramp in the compensated interferogram. One other problem is the recovery of range variations. Azimuth shifts are only sensible to ionospheric azimuth variations, the range component, which is the integration constants (the term C in Equation 4) of each azimuth line, is unknown. In this work, to solve this problem we simply add the interferogram range line, which corresponds to the integration starting line, to the integrated phase screen. This procedure works for our example but cannot be operationally applied. Since this is not the focus of this paper we leave the discussion of this problem for future improvements. We see from Equation 3 that the height of the ionospheric single layer scales the ionosphere derivative and has therefore a big impact on the azimuth shifts. In order to correctly convert the azimuth shifts to the ionospheric phase screen using Equation 4, the ionosphere single layer height has to be known or estimated. Some ionospheric phase screens, which we generated using different ionospheric heights, are used to correct the original interferogram. In Figure 2 (c) and 2(d) are presented the differences between the compensated and the original interferograms. As it can be seen from the residuals none of the generated phase screens is able to completely correct the original interferogram.
Inverting Equation 3 we estimate the derivative of the ionospheric phase in the azimuth direction using the azimuth shifts. The real derivative of Figure 2 Figure 2 (f), is not zero in the same area where the ionospheric phase rapidly changes. This suggests that the electron density is increasing and somehow changing, such that, also the barycenter of its three dimensional structure, which we call ionospheric height, is changed. If this is true, it would modify the scale factor that converts an ionospheric variation into an azimuth shift.
The result of the integral 4 will then only be correct if we use the real changing ionospheric height. Alternatively, another possibility would be to estimate the correct ionospheric phase screen derivative along the flight pathφ i (η) and integrate it,φ
as it will be presented in the next section.
IONOSPHERE DERIVATIVE ESTIMATION USING SEMI-FOCUSING
The semi-focusing technique [4] consists in defocusing the images using a specific kernel for a specific defocusing height. The technique generates the raw data that would have been acquired from a satellite having an orbit height equal to the height used for the defocusing. If the height of the ionosphere and the one of the satellite are the same, the ionosphere is simply a phase screen and does not produce azimuth shift in the raw data. To estimate the ionosphere height we must find the defocusing height for which the shifts are zero. The relation between the shifts, as a function of the defocusing height H f is:
For each azimuth positionη and for varying defocusing heights H f , we fit a a first order polynomial to the azimuth shifts δ az (η, H f ). Considering Equation 6 we use the parameter of the fitted polynomial to obtain an estimate of the ionosphere derivative and height:
where a and b are respectively the zero and first order parameters of the polynomial. After repeating this procedure for each azimuth and range position we obtain the ionosphere azimuth derivative and height for the whole image. The result is displayed in Figure 2 (g). As seen from Equation 7, the ionospheric height estimate depends on the inverse of the derivative. Therefore, it can be insufficiently reliable due to noise amplification, if the ionosphere derivative is small. On the other hand, it can be seen from Figure 2 (g) that the estimate of the ionosphere derivative is much more similar to the real derivative than the old estimate of Figure 2 (e), and that the difference between the new estimate and the real derivative of Figure 2 (h) is smaller than the old one too. Using Equation 5 on this new estimate we produce the phase screen of Figure 2 (i), which subtracted from the original interferogram generates the residual of Figure 2 (j).
CONCLUSION
Concluding, it seems that the supposition of a changing ionosphere barycenter height is true. Fig. 1 . The aurora test-case: (a) is the original interferogram, (b) is the ionosphere derivative; (c) is the ionosphere-compensated interferogram with a supposed ionospheric height of 200 km, (d) with a height of 300 km; (e) and (g) are respectively the ionosphere derivative estimated using the azimuth shifts and using the semi-focusing method, (e) and (h) are their differences with the real derivative (b); (i) is the height of the ionosphere; (j) and (k) are respectively the generated ionospheric phase screen and the compensated interferogram.
